Non-activated lignites were prepared by the carbonization of Egyptian lignite in a limited quantity of air at 500ºC, 700ºC and 900ºC, respectively. Zinc chloride-activated carbons were also prepared by the carbonization of lignite with 20 wt%, 40 wt% and 60 wt% zinc chloride in a limited quantity of air at 600ºC. The surface areas of the resulting samples were determined from nitrogen adsorption studies at 77 K and from carbon dioxide adsorption studies at 298 K. The functional acidic groups on the surface were determined by neutralization with aqueous solutions of NaHCO 3 , Na 2 CO 3 and NaOH, respectively. The sorption of Ni 2+ and Cu 2+ ions on the prepared carbons as well as on the as-received lignite (L) were investigated. The influence of the time of contact, the initial ion concentration and the temperature was studied and the kinetics of the process were investigated. Equilibrium sorption isotherms were determined and the results interpreted by applying the Freundlich and Langmuir equations.
INTRODUCTION
With the growth in technology, the concentration of toxic metals such as mercury, cadmium, lead, arsenic, copper and nickel in the environment has increased. These pollutants tend to accumulate in bottom sediments from which they may be released by various processes of remobilization, thereby reaching human beings where they produce chronic and acute ailments (Bryan 1969; Ghislom 1971; Fujiki 1972) . The treatment of aqueous solutions containing soluble metal ions requires concentration of the metal into a smaller volume followed by its recovery or secure disposal. Many processes have been utilized for such purposes.
Adsorption processes have long been used in water and wastewater industries for the removal of colour, odour and organic pollution by means of activated charcoal (Youssef et al. 1978 (Youssef et al. , 1990 . Generally, activated carbons provide unique and versatile adsorbents because of their extended surface area, microporous structure, high adsorption capacity and high degree of surface activity. More recently, activated carbons have been used increasingly in water and wastewater treatment for the removal of trace metals (Thiem et al. 1976; Allen and Brown 1995; Youssef et al. 1996; Ho and McKay 1998) .
The presence of metal ions in the environment is of major concern due to their toxicity to many life forms. Unlike organic pollutants, the majority of which are susceptible to biological degradation, metal ions do not degrade into harmless end-products (Reed and Matsumoto 1993) . From the standpoint of environmental pollution, metals may be classified according to three criteria: (i) noncritical; (ii) toxic but very insoluble or very rare; and (iii) very toxic and relatively accessible.
Copper and nickel may be listed in category (iii) (Wood 1975) . Excessive intake of copper and/or nickel results in their accumulation in the liver. Fortunately, carbons prepared from low-grade coals such as lignite (Youssef et al. 1995 ) and sub-bituminous coals (Youssef et al. 1992) are active sorbents of organic and inorganic pollutants from aqueous solution. This paper reports on the identification of a suitable relatively cheap sorbent capable of removing significant quantities of copper or nickel ions from aqueous solution. Lignite is a low grade of coal and therefore may be considered a cheap sorbent in this regard. The use of non-activated and activated lignites has been studied in the present work by determining the respective equilibrium isotherm. In addition, kinetic studies have been carried out using an agitation batch sorber to study the effect of the initial metal ion concentration and the temperature. A kinetic analysis has been carried out to correlate the experimental data on the basis of a pseudosecond order kinetics equation.
EXPERIMENTAL

Materials
The carbons used in the present investigation were obtained from Egyptian lignite found at Beda (Sinai). Sample L was a non-carbonized lignite obtained by crushing a representative Beda lignite sample to a particle size of -0.8 + 0.1 mm. Carbonized lignites L5, L7 and L9 were prepared by thermal treatment at 500ºC, 700ºC and 900ºC, respectively. Above 500ºC, such carbonization was carried out in two steps, i.e. prior carbonization at 500ºC for 3 h, followed by heating at the required temperature for a further 3 h. All the carbonized lignites were crushed and sieved and the fraction of particle size -0.8 + 0.1 mm used for adsorption measurements.
The zinc chloride-activated carbons ZL1, ZL2 and ZL3 were obtained by heating the original lignite sample with 20 wt%, 40 wt% and 60 wt% zinc chloride, respectively, in an autoclave for 6 h at 200ºC, followed by carbonization at 600ºC. The resulting solid was extracted with dilute hydrochloric acid and washed thoroughly with doubly distilled water.
Techniques
The adsorption of nitrogen at 77 K and of carbon dioxide at 298 K was measured by means of a conventional volumetric apparatus (Joyner et al. 1949 ). Prior to nitrogen adsorption studies, each sample was outgassed at 200ºC for 6 h under a reduced pressure of 10 -5 Torr.
Titration with alkalis is one of the earliest and simplest methods used for the determination of the nature of acidic surface groups on carbons and graphite. For such studies, samples of each carbon (0.5 g) in 50 ml of water were titrated against 0.1 N solutions of NaHCO 3 , Na 2 CO 3 and NaOH, respectively.
Kinetic measurements
The copper nitrate and nickel nitrate used in this investigation were both supplied by Aldrich Chemicals. Stock solutions were prepared in distilled water and for the kinetic studies concentra-tions ranging from 2.0-10 mmol/l were employed, with agitation being carried out for 20 h. All contact investigations were carried out using baffled, agitated 2 l sorber vessels. Samples (3 ml) were withdrawn at suitable time intervals, filtered and then analyzed using an SP 191 Pye-Unicam atomic absorption spectrometer.
Equilibrium measurements
Samples of each carbon (0.25 g) dried at 110ºC for 3 h were weighed into stoppered 100 ml Erlenmeyer flasks. A known volume (50 ml) of an aqueous solution containing a given concentration of Cu II or Ni II ions was adjusted to a pH of 6.8 and then added to each flask; all the flasks were shaken for 24 h at 25ºC. After this time length, the carbon was removed from the solution by filtration and the Cu II or Ni II ion concentration remaining in the supernatant determined by atomic absorption spectroscopy. Table 1 lists the surface areas as determined from the respective nitrogen adsorption isotherms by applying the conventional BET equation (Brunauer et al. 1940 ) over the relative pressure range of 0.05-0.35. The surface areas as determined from the adsorption of carbon dioxide at 298 K were calculated by application of the Dubinin-Radushkevich equation (Dubinin and Radushkevich 1947) . Table 1 also includes the values of the base neutralization capacities for the investigated carbons.
RESULTS AND DISCUSSION
Surface properties
Inspection of the data in Table 1 reveals that the nitrogen surface areas of the non-activated carbons (L, L5, L7 and L9) were far lower than those obtained from carbon dioxide adsorption studies. The non-activated carbons were microporous with the tars generated during carbonization being possibly re-adsorbed and thereby partially blocking the pores. The adsorption of nitrogen at 77 K on to microporous solids occurs via a process of activated diffusion and for such solids the adsorption of carbon dioxide at 298 K is recommended for the determination of surface areas (Youssef et al. 1982) . In contrast, the zinc chloride-activated carbons (ZL1, ZL2 and ZL3) gave comparable nitrogen and carbon dioxide areas, thereby demonstrating the accessibility of the pore structure to both nitrogen and carbon dioxide molecules. Activation with zinc chloride creates new pores and prevents the re-adsorption of tarry materials inside the pore structure. This leads to the formation of carbons with relatively high surface areas. It is also evident from the data listed in Table 1 that the surface area of the resulting solids increased as the amount of zinc chloride used in the activation process increased.
Base neutralization capacity
The chemistry of the carbon surface is complex and the results obtained from a great many studies have been summarized in several reviews (Boehm et al. 1965; Puri 1970; Donnet 1977; Boehm 1990) . These studies indicate that the titration of a carbon with NaOH determines the total acid group content of the sample, titration with Na 2 CO 3 determines the carboxylic + lactone group content, while titration with NaHCO 3 determines the carboxylic group content. This means that subtraction of the NaHCO 3 titre for a given sample from the Na 2 CO 3 titre should give the lactone group content and division of this amount by the value of the NaOH titre multiplied by 100 would give the percentage of lactone groups in the sample. Similar calculations for NaHCO 3 titre/NaOH titre × 100 would give the carboxylic group percentage while the phenol group content should be obtained from (NaOH titre -Na 2 CO 3 titre)/NaOH titre × 100.
For the samples examined in this study, free carboxylic groups comprised ca. 28-33% of the total surface acidity while the contribution of the lactone group amounted to 15-21%. The only exception was for sample L, i.e. the as-received lignite samples which had not been subjected to carbonization or activation, in which the lactone group represented ca. 29% of the total acidity. By difference, the phenolic group contribution to the surface acidity was determined as being 35-52%, i.e. these groups are the most predominant.
Kinetic measurements
Non-activated and activated lignite-based carbons contain polar surface groups and these groups are responsible for cation exchange. Divalent metal ions M 2+ (Ni 2+ or Cu 2+ ) may interact with the lignite-based carbon as follows:
where Land HL are polar sites on the surface. The rates of Ni 2+ and Cu 2+ ion sorption on the as-received lignite L were determined as a function of the concentration of these two ions at initial concentration values of 0.5, 1.0, 1.5 and 2.0 mmol/l, respectively. Figures 1 and 2 depict plots of the experimental data points for the sorption of Ni 2+ and Cu 2+ ions, respectively, on L as determined at various time intervals, while Figures 3 and 4 depict plots of the experimental data points for the sorption of Ni 2+ and Cu 2+ ions, respectively, on ZL3 carbon as a function of time. In the latter case, i.e. for the ZL3 carbon, the initial concentrations of Ni 2+ and Cu 2+ ion employed were 2.0, 4.0, 6.0 and 10.0 mmol/l, respectively.
It will be seen that in all cases the sorption rate was initially rapid. Indeed, in the case of the Ni 2+ /L system, the Ni 2+ ion was completely removed from the 0.5 mmol/l solution in less than 50 min and from the 1.0 mmol/l solution in less than 100 min. The same was also true for the Cu 2+ /L system. It is also evident from Figures 3 and 4 that Ni 2+ and Cu 2+ ions were completely removed from the 2.0 mmol/l solution in less than 50 min and from the 4.0 mmol/l solution in less than 100 min. For solutions with higher initial concentrations, the metal ions were only partially removed within the contact time allowed. The initial rapid sorption of Ni 2+ and Cu 2+ ions may be attributed to ion exchange with surface cations on the lignite-based carbons. The gradual uptake shown as a plateau in Figures 1-4 could be due to cation exchange at the inner surface, thereby involving a diffusion step (Low and Lee 1990). Coleman et al. (1956) assumed that the adsorption of a divalent metal ion on carbon proceeds via a pseudo-second order mechanism in which adsorption is the rate-limiting step. Accordingly, the rate expression may be written as:
where (L) t and (HL) t are the number of active sites occupied on the lignite-based carbon at time t and (L) 0 and (HL) 0 are the number of equilibrium sites. The kinetic rate equation can be written as follows:
where k is the rate constant for sorption [g/(mmol min)], q e the amount of metal ion adsorbed (mmol/g) at equilibrium and q t the amount of metal adsorbed (mmol/g) at any time t. Separating the variables in equation (3) and integrating for the boundary conditions t = 0 to t = t and q t = 0 to q t = q t gives:
1 1 -------= --+ kt (4) (q e -q t ) q e Equation (4) can be rearranged to:
If the initial sorption rate is: h = kq 2 e (6) then equations (4) and (5) Thus the initial sorption h, the equilibrium sorption capacity q e and the rate constant k can be determined experimentally from the slope and intercept of a plot of t/q t versus t. Figures 5 and 6 show the variation of t/q t with time for the sorption of Ni 2+ and Cu 2+ ions, respectively, on sample L. Linear plots over considerable proportions of the sorption period were achieved in both cases. Satisfactory linear plots were also obtained when t/q t was plotted against t for the sorption of Ni 2+ and Cu 2+ ions on ZL3 (Figures 7 and 8) . Equally satisfactory linear plots (not illustrated) were obtained for the sorption of Ni 2+ and Cu 2+ ions on samples L5, L7 and L9, and on ZL1 and ZL2. The excellent fit of the experimental data to the theoretical plots supports the suggestion that chemisorption of the metal ions on to the carbon surface is the rate-limiting step and that the process as a whole follows pseudo-second order kinetics. Table 2 lists the rate constant, k, the equilibrium capacity, q e , and the initial sorption rate, h, for the sorption of Ni 2+ and Cu 2+ ions on the various adsorbents studied. Inspection of the data listed in Table 2 reveals the following:
1. Sorption of the Cu 2+ ion was always higher than sorption of the Ni 2+ ion on both L and ZL3 samples. The same trend was also true for samples L5, L7 and L9, and for ZL1 and ZL2. 2. The values of h for each M 2+ /carbon system seem to be independent of the initial ion concentration employed. This is demonstrated by the small differences in the h values which indicate that sorption occurred so readily that appreciable amounts were sorbed from metal ion solutions of low concentration. 3. The equilibrium rate constant decreased continuously with increasing initial metal ion concentration. The observed dependence of the rate constant on the initial concentration of M 2+ indicates that the removal of Ni 2+ and Cu 2+ ions from their dilute aqueous solutions should present no obstacle, since sorption relative to the initial ion concentration was more rapid the more dilute the solution (Weber and Morris 1963) . The decrease in the equilibrium rate constant with increasing initial M 2+ ion concentration is discussed below.
An empirical relationship may be advanced between k and the initial ion concentration, i.e. k = mC n 0 . The results of the present study indicate that the relationship k = 0.64C 0 -0.66 applies for the sorption of Ni 2+ ions on to L and k = 1.34C 0 -1.21 for the sorption of Cu 2+ ions on to L. For the sorption of Ni 2+ and Cu 2+ ions on to ZL3, the relationships k = 0.64C 0 -0.68 and k = 0.17C 0 -1.1 , respectively, appear to apply. It seems that the value of n depends on the sorbate rather than on the sorbent. A positive value of n centred at ca. 0.5 has been reported (McKay et al. 1983) and was attributed to intraparticle diffusion. Ho and McKay (1998) studied the sorption of Pb II on to peat and found that the pseudo-second order rate constant k was related to the initial concentration through the relationship k = mC 0 n where n = -2.72. The decrease in the equilibrium rate constant with increasing initial M 2+ ion concentration now remains to be explained. In the systems under investigation, exchange adsorption of M 2+ ions occurs at the negatively charged sites on the carbon surface. Thus, M 2+ ions in dilute aqueous solutions may be readily sorbed at easily accessible surface sites. However, in the case of concentrated aqueous solutions of M 2+ ions, it apparently takes time for the ions to diffuse on to the sorbent, displacing groups which then enter the solution as ions. It is also well established (Voyutsky 1978) that, in a dilute system, the diffuse layer expands so that few counterions may exist in the adsorption layer. When the concentration of the solution increases, the diffuse layer contracts and an increasing number of counterions then appear in the adsorption layer. In other words, an increase in metal ion concentration leads to an increase in ionic strength. Such an increase in ionic strength will enhance the interaction between ions of similar charge and inhibit interactions between ions of opposite charge, which is actually the situation observed in the present investigation. 
Equilibrium measurements
The sorption of Ni 2+ and Cu 2+ ions on to lignite-based carbons was also followed under equilibrium conditions, the sorption isotherms being determined by following the amount sorbed (q e , mmol/g) at different equilibrium concentrations (C e , mmol/l) at 300 K by allowing sufficient time to enable the system to reach equilibrium conditions. Figure 9 shows the isotherms obtained at 300 K for the sorption of Ni 2+ ions on to samples ZL1, ZL2 and ZL3, respectively, while Figure 10 shows similar isotherms obtained at 300 K for the sorption of Cu 2+ ions on to the same samples. All the isotherms are typical of those obtained for adsorption from solution. Two equations are conventionally used for the interpretation of sorption from solution. These are the Langmuir equation (Langmuir 1918 ) and the Freundlich equation (Freundlich 1907) . These two equations have been applied to the equilibrium isotherms determined for Ni 2+ and Cu 2+ ions in the present study. The most important information which may be obtained from the Langmuir equation is the maximum sorption capacity, q max (mmol/g), while application of the Freundlich equation enables two parameters to be obtained, viz. K F which is a measure of the sorption strength and 1/n which provides an idea of the intensity of sorption which varies with the nature of a given sorbate/sorbent system. Table 3 lists the values of these three sorption parameters in the cases examined in the present study. The data clearly indicate that all the investigated sorbent samples exhibited higher affinities towards Cu 2+ ions relative to Ni 2+ ions. It will be noted that for both ions the sorption capacity exhibited by sample ZL2 was comparable to that for sample ZL3, thereby demonstrating that beyond a certain limit any further increase in the amount of zinc chloride incorporated in the sample would not result in any further increase in the sorption capacity of the latter. The sequence of K F values listed seems to follow the same order as the q max values, i.e. ZL3 ZL2 > ZL1 > L9 > L7 > L5 > L. All the Freundlich exponents n were greater than unity, indicating that the sorption of Ni 2+ and Cu 2+ ions on to lignite-based carbons was favourable in all cases (Trebel 1985) .
Effect of temperature
The change in the rate of uptake of Ni 2+ and Cu 2+ ions by lignite-based carbon with temperature was also examined, with sample ZL3 being selected as the sorbent in these studies. Figure 11 shows plots of log k versus the reciprocal temperature (1/T) for the sorption of Ni 2+ and Cu 2+ ions on to ZL3 and demonstrates that the Arrhenius plots obtained were linear in both cases. Activation energies of 11.5 and 15.5 kJ/mol, respectively, were calculated from these plots for the sorption of Ni 2+ and Cu 2+ ions. Although the values obtained for the activation energies are relatively low, the applicability of the Arrhenius equation on rate constants based on pseudo-second order kinetics provides evidence that the rate of uptake of M 2+ ions on the carbons investigated was controlled by chemisorption.
Relating the base neutralization capacities (Table 1) of the surface acidic sites as determined by neutralization with sodium hydroxide to the maximum sorption capacities of the Ni 2+ and Cu 2+ ions enables the prediction of a qualitative relationship. Thus, with an increase in the base neutralization capacity, an increase occurred in the maximum sorption capacity of the sorbent towards Ni 2+ and Cu 2+ ions. The absence of a quantitative relationship may be ascribed to the contribution of other factors, such as the surface area, porosity and accessibility of the sorption sites, in determining the amounts of metal ions sorbed. Other studies (Youssef and Mostafa 1992) have been reported which describe a prominent relationship between the sorption capacity of activated carbons towards metal ions and their surface acidity and surface area.
CONCLUSIONS
Lignite-based carbons are efficient sorbents for the removal of the ions of heavy metals from aqueous solution. Activation with zinc chloride effected a tremendous increase in the sorption capacity of such sorbents towards metal ions. The sorption of heavy metal ions occurs on acid sites via carbon-oxygen groups on the surface. Such sorption of the ions of heavy metals on these active sites proceeds through a chemisorption process which follows pseudo-second order kinetics. A qualitative relationship exists between the maximum adsorption capacity of the carbon towards metal ions and the total surface acidity as determined by neutralization with sodium hydroxide.
